Reactive oxygen species (ROS) are many-faceted compounds involved in cell defense against pathogens, as well as in cell signaling. Their involvement in the response to infection in epithelial cells remains poorly documented. Here, we investigated the production of ROS during infection with Chlamydia trachomatis, a strict intracellular pathogen, in HeLa cells. C. trachomatis induced a transient increase in the ROS level within a few hours, followed by a return to basal level 9 hours after infection. At this time point, the host enzyme dedicated to ROS production, NADPH oxidase, could no longer be activated by external stimuli, such as interleukin-1␤. In addition, Rac, a regulatory subunit of the NADPH oxidase complex, was relocated to the membrane of the compartment in which the bacteria develop, the inclusion, while other subunits were not. Altogether, these results indicate that C. trachomatis infection elicits the production of ROS and that the bacteria rapidly target the activity of NADPH oxidase to shut it down. Prevention of ROS production at the onset of the bacterial developmental cycle might delay the host response to infection.
Reactive oxygen species (ROS), such as superoxide anion (O 2
⅐ Ϫ ) or hydrogen peroxide (H 2 O 2 ), are short-lived, very reactive compounds, that oxidize a broad variety of molecules, including proteins, lipids, and nucleic acids (35) . In many cases, oxidation results in a loss of function of the target molecule. Therefore, when produced in large amounts or over extended periods of time, ROS cause irreversible damage to biological systems. ROS toxicity has been particularly exploited by phagocytic cells, which are able to produce large amounts of ROS in response to pathogen intrusion in a process known as the respiratory burst. This reaction plays a major role in pathogen killing (7) . Beyond their role as toxic compounds, it became clear in the last few decades that ROS are involved in a large number of reversible regulatory processes, operating as intracellular signaling molecules (21) . Under these circumstances, ROS are produced at much lower concentrations than in the respiratory burst. Our understanding of their mode of action as signaling molecules is still fragmented. The best-documented cases are their roles in activating transcription factors, like NF-B (24) , and metalloproteinases, like MMP-2 (10) , and in modulating the redox-sensitive catalytic cysteine residues of tyrosine and MAPK (mitogen-activated protein kinase) phosphatases (16, 45) .
In eukaryotic cells, ROS are often by-products of biological reactions that mainly occur in the mitochondria. Another source of ROS are NADPH oxidases (NOX), a family of multisubunit enzymes that reduce O 2 to O 2 ⅐ Ϫ using electrons derived from intracellular NADPH. NADPH oxidases consist of two membrane proteins (known as gp91 phox and p22 phox in phagocytes) and cytosolic regulatory proteins (p40 phox , p47 phox , p67 phox , and Rac2 in phagocytes) (7) . Upon stimulation, the NADPH oxidase cytosolic subunits assemble with membrane subunits into an active complex. While NADPH oxidase activity has been widely characterized in phagocytes, it is also found in nonphagocytic cell types, including epithelial cells. Nonphagocytic cells express a variety of subunits homologous to NOX2 (NOX1 to -5) and to the cytosolic regulatory subunits (6, 17) .
Epithelial cells are often the first barrier met by pathogens, and production of ROS over prolonged periods of time could inflict some damage on intruders. At low concentration, NADPH oxidase-generated ROS might participate in the signaling cascades orchestrated by the cell in response to infection (25) . Two reports suggest that, indeed, in nonphagocytic cells, contact with pathogens triggers ROS production. In gastric pit cells, Helicobacter pylori infection elicits production of ROS and stimulates the expression of components of NADPH oxidase (32, 34) . In human colon cancer cells, flagellin from Salmonella enterica serovar Enteritidis also leads to superoxide anion production. In this case, overexpression of some of the NADPH oxidase components causes an increase in flagellindependent ROS production concomitant with interleukin-8 (IL-8) synthesis, suggesting that ROS may participate in the innate immune response (33) .
Chlamydia trachomatis is an obligate intracellular bacterial pathogen infecting primarily epithelial cells of the eye and genital tract (40) . It is the most frequent cause of sexually transmitted diseases of bacterial origin, potentially resulting in ectopic pregnancies and infertility. C. trachomatis is also the agent of trachoma, which can lead to blindness. Chlamydia has a remarkable biphasic developmental cycle. The infectious form, called the elementary body (EB), is able to induce its entry into a host cell (20) . Once internalized, it differentiates into the metabolically active, noninfectious form, the reticulate body (RB), which replicates inside a membrane-bounded compartment, the inclusion. Metabolic activity is first detected shortly after bacterial entry. In particular, some bacterial proteins, called Inc proteins, are synthesized within the first 2 hours of infection and are translocated into the inclusion membrane (23) . This membrane constitutes the interface between the bacteria and the host, and its composition varies during the developmental cycle, with the successive addition of different Inc proteins. At the end of a complete developmental cycle, RBs differentiate back into infectious EBs and are released from the host cell (1) .
While Chlamydia-induced cell signaling and remodeling of the cytoskeleton during entry have recently received a lot of attention (9) , little is known about the host response to infection in the first hours after Chlamydia intrusion. For their activities as both signaling molecules and potentially harmful components, ROS are good candidates to participate in the early host response to infection. In this study, we investigate their production within the first hours of C. trachomatis infection in epithelial cells.
MATERIALS AND METHODS
Cells, bacteria, and antibodies. The human cervical cell line HeLa 229 was obtained from the American Type Culture Collection (ATCC) and passaged in Dulbecco's modified Eagle's medium with Glutamax (Gibco, Invitrogen) supplemented with 10% fetal calf serum (Biowest, France) (complete medium). C. trachomatis serovar L2 was from the ATCC and was prepared as previously described (11) . Heat-killed EBs were prepared by incubating live EBs for 30 min at 58°C. The GPIC strain of Chlamydia caviae was obtained from Roger Rank (University of Arkansas). The polyclonal antibody against Cap1 was obtained after immunization of New Zealand White rabbits with purified recombinant Cap1 with 167 amino acids at the C terminus deleted and fused to a His tag (Agro-Bio, La Ferté Saint-Aubain, France). The monoclonal anti-EF-Tu antibody was a kind gift of You-Xun Zhang (Boston University School of Medicine, Boston, MA). The mouse anti-Flag M2 antibody was purchased from Sigma (Saint Louis, MO). The Alexa Fluor 546-and Alexa Fluor 488-conjugated goat anti-mouse secondary antibodies were from Molecular Probes, and the Fluorolink Cy3-labeled goat anti-rabbit IgG was from Amersham Biosciences.
Plasmids. For the Flag-p22 phox construct, RNA was extracted from HeLa cells using an RNeasy Minikit (Qiagen) and cDNA was generated with a Gene Amp RNA PCR Core Kit (Applied Biosystems, Branchburg, NJ) according to the manufacturers' instructions. cDNA coding for p22 phox was amplified using the forward primer GGGGACAACTTTGTACAAAAAAGTTGGCATGGGGCA GATCGAGTGGGCCAT and the reverse primer GGGGACAACTTTGTACA AGAAAGTTGGTTATCACACGACCTCGTCGGTCA. The cDNA coding for p47 phox was a kind gift from M. C. Dagher (Institut de Biologie Structurale Jean-Pierre Ebel, Grenoble, France) and was amplified with the primers GGG GACAACTTTGTACAAAAAAGTTGGCATGGGGGACACCTTCATCC GTCA and GGGGACAACTTTGTACAAAAAAGTTGGTTATCAGACGGC AGACGCCAGCTT. The cDNAs were cloned, using the Gateway technology (Invitrogen), into an expression vector containing a three-Flag tag in the pCINeo background (Yves Jacob, Institut Pasteur, Paris, France). The generated constructs were verified by sequencing them (Eurofins MWG Operon, Ebersberg, Germany). The plasmid coding for green fluorescent protein (GFP)-Rac1 was a kind gift from Guy Tran Van Nhieu (Institut Pasteur, Paris, France).
Measurement of ROS production. Cells were infected with C. trachomatis serovar L2 at a multiplicity of infection (MOI) of 0.6 in complete medium in 24-well plates. The fluorescent probe 5-(and 6-)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA) (Molecular Probes, OR), was solubilized at 2 mM in dimethyl sulfoxide (DMSO) (Sigma) and then diluted to 50 M in Hanks balanced salt solution (HBSS). The cells were washed twice with HBSS containing MgCl 2 and CaCl 2 (Gibco, Invitrogen), incubated with 50 M CM-H 2 DCFDA in this buffer (200 l) for 1 h at 37°C, and then washed once with complete medium and further incubated for 1 h in complete medium at 37°C. Stimulation with IL-1␤ (Immugenex, CA) was performed at 0.1 ng/ml in complete medium for 30 min at 37°C before cell lysis. At the indicated times following infection, the cells were washed twice in phosphate-buffered saline and lysed in 170 l NET buffer (50 mM Tris-HCl, pH 7.4, 5 mM EDTA, 1% Triton X-100, 150 mM NaCl) with protease inhibitor cocktail (Sigma). Protein quantitation was performed on 10 l of sample in duplicate using a BCA Protein Assay Kit (Pierce) according to the manufacturer's instructions. The remainder of the sample was used to measure the fluorescence of the oxidized product dichlorofluorescein with a Cary Eclipse fluorometer (Varian Inc., Palo Alto, CA) at a of 527 nm with excitation at 507 nm. For each sample, the fluorescence units were divided by the protein content. This ratio was expressed relative to its value in control cells (arbitrarily set to 1). For all points, experiments were performed with five replicates. Experiments using C. caviae or heatkilled bacteria were performed under exactly the same conditions. Statistical differences between different conditions were determined with a two-tailed Student's t test on the indicated number (n) of experiments.
Detection of ERK phosphorylation. HeLa cells were infected or not with C. trachomatis serovar L2 at an MOI of 0.6 in complete medium in 12-well plates, centrifuged for 5 min at 385 ϫ g, and incubated at 37°C. At the indicated times postinfection (p.i.), 10 M diphenyleneiodonium chloride (DPI) (Sigma) or 1:1,000 DMSO (mock-treated samples) was added. Seven h p.i., the cells were lysed in 100 l of Laemmli buffer heated to 100°C, boiled for 5 min, and analyzed by electrophoresis in 10% polyacrylamide gels in the presence of sodium dodecyl sulfate. After electrophoresis, the proteins were transferred to a polyvinylidene difluoride membrane (Millipore), and the membrane was used for blotting with anti-phospho-ERK1/2 (extracellular signal-regulated protein kinase 1/2) polyclonal antibodies (Cell Signaling Technology no. 9101). After this first revelation, the membranes were stripped and reprobed with anti-total ERK1/2 antibody (Upstate no. 06-182) to normalize them to equal ERK contents. Western blots and revelations were performed by enhanced chemifluorescence using alkaline phosphatase-linked secondary antibodies and measured on a Storm 840 fluorimager (Molecular Dynamics).
Measurement of oxidative stress. Cells were infected with C. trachomatis serovar L2 at an MOI of 0.6 in complete medium in 24-well plates. The fluorescent probe Cell Tracker Green CMFDA (Molecular Probes, OR) was solubilized in DMSO (Sigma) at 10 mM and used at 1 M in HBSS (0.8 ml/well). Cell lysate and fluorescence quantitation was done as for ROS measurement (see above), except that fluorescence was recorded at 517 nm with excitation at 492 nm. The level of reduced glutathione (GSH) in control noninfected cells was set to 1. Experiments were performed in triplicate.
NADPH oxidase subunit localization at early infection times. HeLa cells were transiently transfected with GFP-Rac1, Flag-p22 phox , or Flag-p47 phox for 18 h using Fugene reagent (Applied Biosystems) and then infected with C. trachomatis serovar L2 in complete medium. To synchronize the infection, cells with bacteria were centrifuged for 5 min at 385 ϫ g (Allegra 6 KR; Beckman Coulter) and incubated for 1 h at 37°C with 6% CO 2 . After 1 h of infection, the medium was removed and nocodazole (Sigma) was added at a final concentration of 10 M in complete medium for some samples. In control cells, DMSO (Sigma) was added at the same concentration. After the indicated time of infection, the cells were fixed with 4% paraformaldehyde (Merck). The cells were then permeabilized with 0.05% saponin (Sigma), 1 mg/ml bovine serum albumin (PAA, Austria) in phosphate-buffered saline, and the inclusion membrane was labeled with anti-Cap1, followed by incubation with anti-rabbit Cy3 (Amersham). When appropriate, Flag-tagged proteins were stained with anti-Flag antibody followed by goat anti-mouse Alexa Fluor 488-conjugated antibody. Coverslips were mounted in Mowiol (Calbiochem) supplemented with 0.5 g/ml of Hoechst 33342 (Molecular Probes, OR). Cells were photographed with an ApoTome microscope (Zeiss) equipped with a 63ϫ objective and a Roper Scientific Coolsnap HQ camera, permitting optical sections of 0.7 m.
RESULTS

Chlamydia infection elicits transient ROS production in
HeLa cells. To measure intracellular ROS levels, HeLa cells infected with C. trachomatis serovar L2 for different times (0 to 9 h) were incubated with the membrane-permeant fluorescent probe CM-H 2 DCFDA. The cells were then lysed, and fluorescence in the cell lysates was quantified. Five h p.i., the level of intracellular ROS was about 50% higher than that measured in control noninfected cells. ROS levels remained high (between VOL. 78, 2010 TRANSIENT ROS PRODUCTION IN C. TRACHOMATIS INFECTION 81 30% and 80% above basal level, depending on the experiment) up to 5 to 7 h p.i. before returning to basal levels 9 h p.i. (Fig.  1A) . The increase in ROS levels was reduced by about half when the cells were exposed to heat-killed bacteria for 3 h (data not shown) or 5 h (Fig. 1B) , suggesting that bacterial activity is necessary to sustain ROS production during infection. Moreover, another Chlamydiaceae species, C. caviae, also elicited an early ROS response (Fig. 1C) , showing that this phenomenon is not limited to C. trachomatis infection and might represent a common response to chlamydial invasion of epithelial cells. One of the consequences of C. trachomatis infection is the phosphorylation of ERK, which was reported at 12 h p.i. and increased further at later times of infection (14, 41) . ROS have been shown to induce the ERK signaling cascade in a variety of cellular models (27, 30, 39) . To investigate if ROS production contributed to the activation of the ERK signaling pathway early during infection, we looked at the effect of an inhibitor of NADPH oxidase, DPI, on ERK phosphorylation during infection. The inhibitor was introduced 2 h p.i., before the peak of ROS production (Fig. 1A) . Cells were lysed 7 h p.i., and antibodies specific for the phosphorylated forms of ERK1/2 were used to assess ERK phosphorylation by Western blotting (Fig. 1D) . Infected cells showed a higher level of ERK1/2 phosphorylation than noninfected cells, confirming that C. trachomatis infection induces ERK1/2 phosphorylation. In the presence of DPI, ERK1/2 phosphorylation was reduced compared to untreated infected cells, indicating that the activity of NADPH oxidase contributes to the signaling events lead- on September 12, 2017 by guest http://iai.asm.org/ ing to ERK1/2 phosphorylation. This result also strongly supports the hypothesis that the enzyme is responsible for the production of ROS during infection. Unfortunately, DPI interfered with the fluorimetric assay to measure ROS, and we could not test the hypothesis directly. In conclusion, this experiment indicates that ROS, produced by NADPH oxidase, act as signaling molecules and contribute to the activation of the ERK signaling cascade early during C. trachomatis infection. Altogether, our data show that the production of ROS is one of the early responses of epithelial cells to Chlamydia infection. Chlamydia-induced ROS production does not lead to oxidative stress. ROS generated at high levels or over long periods may cause an imbalance of the cellular redox equilibrium, leading to oxidative stress conditions. Cells have evolved several defense and repair mechanisms that would normally counteract the injurious effects of ROS (4). For instance, the thiolreducing agent GSH acts as a major antioxidant system. Under oxidative stress, GSH, which is normally maintained in a reduced state, is oxidized to GSSG. An increase in the GSSG/ GSH ratio is indicative of oxidative stress in the cells. In infected HeLa cells (0 to 9 h), the concentration of reduced GSH does not decline, as monitored by recording the fluorescence of the thiol-reactive intracellular probe CellTracker Green CMFDA (Fig. 2) . Addition of 1 mM hydrogen peroxide (H 2 O 2 ) for 3 h in the culture medium was used as a positive control for oxidative stress conditions. Under these circumstances, the GSH level was significantly lower than in untreated cells (Fig. 2) .
This result shows that infection with C. trachomatis does not elicit oxidative stress in the host cell. It is in line with our observation that ROS production remains moderate in the first hours of infection (Fig. 1) .
Chlamydia infection leads to inactivation of the host NADPH oxidase. The observed transient ROS production suggests that the capacity of the host cell to produce oxygen species diminishes while the infection proceeds. If the activation of the host NADPH oxidase is responsible for ROS production during C. trachomatis infection, subsequent decrease in ROS production may be due to an impairment of this enzymatic activity later in infection. To test this hypothesis, we monitored the ability of NADPH oxidase to be activated in HeLa cells infected for 9 h. IL-1␤ is an inducer of NADPH oxidase-mediated ROS production in epithelial cells (31, 36) . Indeed, in uninfected cells, ROS increased upon IL-1␤ stimulation (Fig. 3A) . In contrast, in cells infected with C. trachomatis for 9 h, IL-1␤ stimulation failed to induce intracellular ROS production. Under these conditions, the ROS content of IL-1␤-treated cells remained at basal level and did not significantly differ from the ROS content in infected untreated cells (Fig. 3A) . This result shows that after the initial peak of ROS production, the host NADPH oxidase becomes unable to generate ROS upon stimulation. This might account for the concomitant return of ROS to basal levels. Finally, we asked whether the extinction of ROS production persisted over the course of the infection. In cells infected for 24 h, we observed that ROS levels were about 50% higher than in control noninfected cells (Fig. 3B) , indicating a relaxation of the ROS inhibitory mechanism at this later infection time.
The cytosolic NADPH oxidase subunit Rac is recruited to the Chlamydia inclusion after the peak of ROS production. NADPH oxidase is composed of several subunits. Upon activation, the cytosolic subunits associate with the membrane components, forming the active enzyme. In phagocytes, assembly occurs both at the cell surface and on phagosomal membranes (15) . To visualize the localization of different components of NADPH oxidase during Chlamydia infection, we individually overexpressed three tagged subunits of the enzyme, p22
phox , p47 phox , and Rac1, which is the Rac isoform present in HeLa cells. We used a high MOI (about 20 bacteria/ cell) to facilitate the observation. At 5 h p.i., the distribution of GFP-Rac1, Flag-p47 phox , or Flag-p22 phox protein was unchanged compared to noninfected samples (Fig. 4A and data not shown). Until about 10 h p.i., the compartments in which the bacteria develop, the inclusions, mostly contain only one bacterium because multiplication has not started. In cells infected for 9 h, GFP-Rac1 appeared to localize around the bacteria, partially overlapping with an inclusion membrane marker, Cap1 (5) (Fig. 4D) . In contrast, the cytosolic p47 phox subunit and the p22 phox component, which is mostly associated with the endoplasmic reticulum (3), did not relocalize to the inclusions ( Fig. 4B and C) . These observations indicate that one regulatory subunit of NADPH oxidase, Rac1, specifically relocalizes to the inclusion membrane between 5 and 9 h p.i. Early during infection, the inclusions migrate to the microtubule organizing center (19, 26) , where Rac1 is predominantly found, even in uninfected cells. To rule out the possibility that GFP-Rac1 localization around the inclusions was due only to its normal localization where the inclusions are also mostly found, we used nocodazole to depolymerize microtubules. In nocodazole-treated cells, the inclusions did not cluster at the microtubule organizing center and were scattered throughout the cell cytoplasm. Under these conditions, GFP-Rac1 was clearly seen to be enriched around the inclusions (Fig. 4E) , showing that it is recruited to the inclusion membranes independently of their localization in the cytoplasm.
These results show that the return of ROS to the basal level coincides in time with the specific recruitment of one of the subunits of NADPH oxidase to the inclusion membrane.
DISCUSSION
In this study, we examined the production of ROS in epithelial cells upon C. trachomatis infection. We observed two phases: an initial increase during the first hours of infection, followed by a decrease until the basal level was recovered, around 9 h after infection. At all time points, the level of ROS remained moderate, and there was no sign of oxidative stress in the cell. The decrease of ROS production at later time points was correlated with a lack of response of NADPH oxidase to an external stimulus, such as IL-1␤. Furthermore, it temporally coincided with the specific relocalization of Rac1, a component of NADPH oxidase, to the membrane of the compartment in which the bacteria develop, the inclusion. Altogether, these observations suggest that the bacteria repress the activity of NADPH oxidase by sequestering one of its components, thus impairing one of the signaling pathways triggered by infection.
The infectious form of Chlamydia, called the EB, is metabolically inactive. The first few hours following cell invasion see dramatic changes in the pathogen: 1 h after entry, bacterial RNA and protein synthesis is detected; at 2 h p.i., neosynthesized bacterial proteins are observed on the inclusion membrane, and within a few more hours, the bacteria have fully transformed into reticulate bodies, ready to divide. Bacterial division starts around 6 to 8 h after infection, while the inclusion membrane matures, incorporating novel bacterial proteins.
All these events, starting with the invasion process itself, are expected to elicit a variety of reactions from the host cell, and in particular to initiate an early innate immune response to pathogen-associated molecular patterns (PAMPs) (37) . Apart from the phosphorylation events that accompany the entry process itself (9), the signaling events that take place in the first hours of C. trachomatis infection in epithelial cells are mostly unknown. Studies of the innate immune response to C. trachomatis infection have focused on later time points (12, 18, 38) . Recent studies have shown that ROS production can be an early response to pathogen invasion (43) or to contact with bacterial components (33) in epithelial cells that might potentiate proinflammatory pathways, such as NF-B and JNK (24) . We hypothesized that the epithelial cells might use ROS signaling as a response to an infection by Chlamydiaceae. Indeed, an increase in intracellular ROS was detected as early as 3 h after infection of HeLa cells with two Chlamydiaceae species, C. trachomatis and C. caviae (Fig. 1) . This observation raises two immediate questions: how are ROS produced, and upon which signal?
The components of NADPH oxidase are present in HeLa cells (17) . We favor the hypothesis that the enzyme was responsible for the initial ROS production for two reasons. First, we showed that DPI, often used as an inhibitor of NADPH oxidase, impaired ERK phosphorylation early during infection (Fig. 1D) , indicating that the enzyme is implicated in the early response to infection. Second, we showed that the disappearance of ROS coincided with repression of NADPH oxidase activity (Fig. 3A) , suggesting that the same enzyme was responsible for the initial ROS production. We could not show it directly because DPI interfered with the fluorescence assay to measure ROS. Moreover, attempts to knock down the expression of some of the subunits of NADPH oxidase by RNA silencing induced a large increase in the basal level of ROS, precluding the interpretation of the results (data not shown). Therefore, we cannot rule out the possibility that ROS produced during Chlamydia infection occur from other sources. Another limitation of the assay for measuring the intracellular concentration of ROS was its extreme sensitivity to antibiotics. Chloramphenicol and tetracycline, which block bacterial protein synthesis, or ampicillin, which reduces Chlamydia replication, could not be used in conjunction with the probe, either because they modified its basal fluorescence or because they induced a massive production of ROS in the host cell. This prevented us from directly assessing whether bacterial protein synthesis was required for the initial ROS production. The slow kinetics of ROS appearance, which peaked only 3 to 5 h after infection, suggests that the transformation of the infectious particles into metabolically active bacteria is needed to stimulate the production of ROS. As a comparison, in HeLa cells infected with Shigella, ROS were detected as early as 45 min after infection (43) . In addition, we observed a significant decrease in the ROS response when heat-killed bacteria were used, suggesting that cell contact and intrusion of the bacteria (also achieved to some extent by heat-killed bacteria) are not sufficient to trigger the ROS response. Importantly, during the whole infectious cycle, Chlamydia bacteria remain in a membrane-bounded compartment, limiting the host response to the bacterial features recognized by pattern recognition molecules located in the cytosol (such as nucleotide-binding oligomerization domain [NOD] molecules) or bound to cellular organelles. Moreover, Chlamydia lipopolysaccharide (LPS), which could potentially be sensed at the entry site or on the inclusion membrane, was shown to be about 100-fold less potent than S. enterica serovar Minnesota or Neisseria gonorrhoeae LPS in inducing an inflammatory cytokine response (29) . Our observation that heat-killed bacteria induced an intermediate ROS response (Fig. 1B) also supports the hypothesis that LPS is not the main inducer of ROS production. Altogether, these data suggest that bacterial components other than PAMPs might initiate the ROS response observed in Chlamydia infection. In particular, proteins that are secreted in the host cell by a type III secretion mechanism early during infection (46) are potential triggers of the ROS response. Later in the developmental cycle, a recent study suggests that PAMPs are detected by the host cell, as the IL-8 response induced 30 h after infection is dependent on NOD1 signaling (13) .
The second major finding of this study is the observation that ROS production is only transient and returns to basal levels around 9 h p.i. This means that it is turned off while the host cell is still facing an intrusive situation, and the bacteria start multiplying. One possibility is that the decrease in ROS levels results from the inactivation of NADPH oxidase. In support of this model, we observed that NADPH oxidase could no longer be activated by IL-1␤ 9 h after the infection (Fig. 3A) . Moreover, in cells expressing GFP-tagged Rac1, this cytosolic component of NADPH oxidase was recruited to the inclusion membrane at this time point but not at earlier times, when ROS are being produced (Fig. 4) . We were unable to detect endogenous Rac1 because of the high background level of the antibodies we tested. However, we can speculate that, considering endogenous levels, recruitment of this small GTPase to the inclusion membrane might result in a significant decrease in the pool of protein available for NADPH oxidase activation. In contrast, the localization of other subunits of the enzyme, such as p47 phox and p22 phox , did not change during infection. These data are consistent with a model in which Rac1 is specifically sequestered at the inclusion membrane, preventing the activation of the host NADPH oxidase. Targeting of this enzymatic activity by pathogens was previously illustrated in several cases, all in phagocytes. Helicobacter pylori disrupted the targeting of NADPH oxidase activity in neutrophils, preventing ROS production in the phagosome (2) . Similarly, S. enterica serovar Typhimurium and Legionella pneumophila abrogated the NADPH oxidase-dependent respiratory burst in macrophages (28, 47) . Interestingly, early attempts to measure ROS production upon contact between Chlamydia and phagocytes also suggested that the pathogen might disrupt the NADPH oxidase activity of phagocytes (44) . However, in that case, the abrogation of the expected respiratory burst was very rapid (5 min) in neutrophils while Rac1 sequestration in epithelial cells occurred much later in infection, suggesting that different mechanisms are involved. In epithelial cells, Rac1 might be sequestered at the inclusion membrane through its association with one of the numerous Inc proteins translocated by a type III-dependent mechanism into the inclusion membrane (42) . Some of these proteins are expressed only after several hours of infection, which could explain the delayed appearance of GFP-Rac1 at the inclusion membrane.
For the bacteria, the benefits of disrupting the activity of NADPH oxidase could be of two kinds. First, it prevents toxic effects that might result from prolonged ROS production. Even if ROS production remains moderate in epithelial cells, local concentrations of ROS might be sufficient to compromise the development of some of the internalized bacteria. Interestingly, transcripts of the gene coding for the bacterial superoxide dismutase SodM were detected 8 h after infection (8) . This observation suggests that an increase in O 2 ⅐ Ϫ levels might be sensed by the bacteria, which respond by increasing their antioxidant capacity. Second, ROS signaling is known to potentiate proinflammatory pathways (24) . Although C. trachomatis infection elicits a proinflammatory response in epithelial cells, this response is not as immediate as with other bacteria (22) . It is delayed until 20 to 24 h p.i. (38) , at which time new infectious particles have already started forming. Interestingly, we observed that 24 h p.i. ROS levels had returned to elevated levels in infected cells, suggesting that the decrease in ROS levels is only transient. The early disruption of ROS production might contribute to the delay in the host innate response to infection.
